A growing body of literature indicates that many synthetic pesticides have adverse effects on human, animal, and environmental health. As a result, plantderived natural products are quickly gaining momentum as safer and less ecologically damaging alternatives due to their low toxicity, high biodegradability, and good specificity. Essential oils of Lavandula angustifolia, Lavandula x intermedia cv Grosso, and Lavandula x intermedia cv Provence as well as various mono-and sesquiterpene essential oil constituents were tested in order to assess their antifungal potential on three important agricultural pathogens: Botrytis cinerea, Mucor piriformis, and Penicillium expansum. Fungal susceptibility testing was performed using disk diffusion assays. The majority of essential oil constituents tested did not have a significant effect; however, 3-carene, carvacrol, geraniol, nerol and perillyl alcohol demonstrated significant inhibition at concentrations as low as 1 μL/mL. In vivo testing using strawberry fruit as a model system supported in vitro results and revealed that perillyl alcohol, carvacrol and 3-carene were effective in limiting infection by postharvest pathogens.
Postharvest disease is a global issue with a recent report by the Food and Agriculture Organization of the United Nations finding that 10-40% of all food produced worldwide is wasted, with a significant portion of this being attributed to postharvest spoilage [1] . Chemical control agents are widely used in agricultural practices to prevent crop damage by pests and pathogens in order to increase crop quality and yield. In recent years, serious concerns have been raised in regards to the occupational exposure, environmental contamination and residual effects of synthetic fungicides; this has resulted in a push to develop new, safer control practices [2] . Persistence of commercial fungicides in the environment depends on many factors including soil adsorption, soil pH and plant species present, as well as climatic variations, with adsorption and degradation times for fungicides being some of the most important in selecting ecologically friendly alternatives [2] [3] [4] . Of commercial concern is the development of resistance to fungicides, particularly to control agents that contain a single active ingredient, such as fludioxinol and thiobendazole used in the commercial products Scholar and Mertect, respectively; in the case of Mertect, resistance by Mucor piriformis has been reported [5] . Taken together, this growing body of knowledge suggests that new, safer, and naturally derived fungicides are needed to replace and supplement currently used synthetic formulations.
Lavenders (Lavandula) are members of the Lamiaceae or mint family, which include many important essential oil producing plants including mints, sages and basil. Lavender essential oils have been found to possess diverse activities including medicinal, preservative, insecticidal, antimicrobial and antifungal properties; however, little has been done to investigate the potential for lavender essential oils in the control of postharvest diseases [6] [7] [8] [9] [10] [11] . Essential oils and their constituents have shown diverse modes of action in controlling those pathogens against which they are effective. Inhibition of fungal strains may occur via several mechanisms, and vary with strain. Some are susceptible to direct contact, such as disk diffusion assays, whereas other strains are only inhibited via fumigation [12] . Linalool and linalyl acetate, two important monoterpenes found in lavender essential oils have been shown to reduce mycelium growth and inhibit spore germination [13] . There exists an enormous diversity in essential oil composition with the average essential oil having more than twenty terpene constituents and every species and cultivar possesses a unique oil composition [14] . Due to this incredible complexity there is a decreased likelihood of microbial populations developing resistance to their application [15] . In this study we have investigated lavender essential oils and essential oil constituents against 3 agricultural pathogens: Mucor piriformis, Botrytis cinerea and Penicillium expansum in both in vivo and in vitro assays. These oils and their constituents represent potential new products with decreased risk to human health and the environment for the control of postharvest disease caused by these pathogens.
Of the three pathogens tested B. cinerea was found to be the most broadly susceptible fungal pathogen showing significant inhibition by 10 of the tested oils/constituents ( Table 1) . The most effective constituent tested on B. cinerea was carvacrol showing a maximum inhibition zone diameter of 44 mm at 100 μL/mL at the 48-hour mark. Carvacrol was significantly better than both Scholar and Mertect at concentrations as low as 50 μL/mL, showing significant inhibition at concentrations as low as 25 μL/mL; the effect of carvacrol was found to be maintained over the entire 72 h monitoring period. Perillyl alcohol, though less effective than carvacrol, was also found to be as effective as Scholar. A common trend seen among the commercial products and the essential oils was a significant increase in inhibition from the 24 to 48-hour mark, followed by a significant decrease at the 72-hour mark ( Table 1) . It is interesting to note that though S-linalool effectively had no direct contact inhibition (i.e. creation of a zone), it did inhibit overall mycelium growth. By comparison, the commercial products tested lavandulyl acetate, linalyl acetate, terpinolene, terpineol, cymene, menthone, pinene, limonene, pulegone, L. angustifolia floral oil and L.x intermedia cv Grosso floral showed no significant effect. In strawberry assays a trend towards inhibition of B. cinerea growth was observed for carene, perillyl alcohol, carvacrol and nerol, while geraniol did not appear to show any significant inhibition of B. cinerea growth with a linear relationship being seen for all concentrations ending with 100% of berries with visible growth. Treatment with 1 μL/mL perillyl alcohol, 5 μL/mL carene, 10 μL/mL nerol and 10 μL/mL carvacrol had the most significant growth inhibiting effect. The number of strawberries with visible fungal growth reached a plateau after one week at most concentrations after treatment with carene, carvacrol and nerol. Maximum number of strawberries infected was not achieved until day 10, for either geraniol of perillyl alcohol. In most cases this delay in the plateau effect was associated with reduced efficacy, with the exception of perillyl alcohol at 1 μL/mL ( Figure 1 ).
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As seen for B. cinerea the most effective essential oil constituents tested against M. piriformis were carvacrol and perillyl alcohol having maximum zones of inhibition of 52 and 30 mm, respectively ( Table 2 ). Carvacrol was significantly better than Scholar at a concentration as low as 5 μL/mL, though this was not significantly different than Scholar at a concentration of 2 μL/mL. There was a minor overall decrease in effective inhibition from the 24 to 72-hour time points; however, significant zones of inhibition were observed at concentrations as low as 5 μL/mL at the end of the monitoring period. Both perillyl alcohol and carvacrol showed measurable inhibition, even at a concentration of 1 μL/mL. M. piriformis was found to be resistant to Mertect with no inhibition detected. Borneol, camphor, 3-carene, 1,8-cineole, lavandulyl acetate, R-and S-linalool, linalyl acetate, terpinolene, terpineol, terpinene, cymene, menthone, pinene, citronellol, limonene, L. angustifolia floral oil and L. x intermedia cv Grosso floral oil showed no significant effect.
Generally, activity against M. piriformis by the tested monoterpenes in strawberry assays was less than that observed for B. cinerea. Only carene and perillyl alcohol showed significant inhibition, though nerol at 1 μL/mL showed limited activity with growth being capped at 80% infection. Carvacrol and geraniol showed no improved inhibition. As observed in B. cinerea, perillyl alcohol was most effective at the 1 μL/mL concentration reaching a 50% reduction in infection, with maximal inhibition reaching a plateau at 7 days, vs 10 days in B. cinerea assays. Carene at 1 μL/mL was most effective, as was seen for perillyl alcohol with a maximal inhibition of 50%.
The most effective essential oils/constituents tested on P. expansum were carvacrol, 3-carene, perillyl alcohol, and nerol (Table 3 ). In the case of carvacrol, geraniol and perillyl alcohol, fungal growth was completely inhibited at concentrations as low as 1 μL/mL at the 24 hour mark; however, fungal growth did recover after 48 hours in all cases. The maximum zones of inhibition recorded for these constituents were 43, 40, 30.5, and 37.5 mm at 100 μL/mL, respectively. Carvacrol at 100 μL/mL was the only essential oil constituent that was as effective as the commercial product, Mertect. Both carvacrol and carene were significantly better than Scholar at concentrations as low as 25 μL/mL. There was a significant decrease in zone diameter between the 24 and 72-hour time points. Bisabolol, borneol, camphor, 1,8-cineole, lavandulyl acetate, linalyl acetate, terpinolene, terpineol, terpinene, cymene, menthone, pinene, limonene, L. x intermedia cv Provence floral oil, L. angustifolia floral oil and L. x intermedia cv Grosso floral oil showed no significant effect.
The compounds tested were least effective in controlling the growth of P. expansum on strawberries, with carene, carvacrol, geraniol and nerol all showing no significant inhibition of growth; perillyl alcohol was the only compound showing significant inhibition of growth. At 1 and 5 μL/mL concentrations growth was inhibited at 7 Lavandulol  24  17  12  7  ----48 11 days, and by 10 days only 1 μL/mL was effective in achieving a 10% reduction in growth.
It is a well-documented phenomenon that whole essential oils are generally more effective than a combination of major constituents suggesting that the minor constituents of the oil have a significant effect in determining their bioactivity [16, 17] . Whether this is due to synergism between the minor and major constituents or is due to the activity of the minor constituents themselves is variable. This study found that a minor constituent (0.03 -0.16%) of L. angustifolia floral essential oil, carvacrol, was the most universally active in in vitro assays having been found effective against all three pathogens. The minor constituent 3-carene, present at approximately 0.16%, was the most effective compound in inhibiting P. expansum growth. This is in contrast to the major constituent linalool, which had very minimal inhibitory activity and the whole oil itself, which showed no activity. This suggests that the minor constituent, though active, is not participating in synergism or is not present at sufficient concentrations within the oil to be effective alone or in a synergistic relationship [17] .
The overall trend observed among all of the compounds tested was a significant decrease from the 24 to 72-hour time point. As the oils and constituents tested are all volatile, this is likely due to volatilization of the test compounds and dissipation of the active concentration -leading to an expected decrease in activity, and so only the most strongly effective compounds would be expected to retain activity. Interestingly, this effect had a dual response as B. cinerea appeared to be inhibited by S-linalool, not by direct diffusion but rather by fumigation resulting in an overall decrease in growth, but without the characteristic zone of inhibition. Inhibitory effects on hyphal growth and spore germination due to fumigation have been documented on filamentous fungi so the results represent an expected effect, and so it can also be assumed that fumigation toxicity may have had some limited effect in other assays as well [18, 19] .
The commercial fungicides, Scholar and Mertect, were effective at inhibiting fungal growth over a prolonged period of time; however, resistance against Mertect was observed. Mertect, which is effective against B. cinerea and P. expansum, was ineffective against M. piriformis. This is in contrast to carvacrol and perillyl alcohol, which showed significant inhibition at concentrations as low as 2 and 5 μL/mL, respectively. Scholar inhibited growth of all three fungal pathogens, and carvacrol proved equally potent at concentrations as low as 2 μL/mL. Generally, new control agents are expected to be less damaging to human health and the environment, and degrade rapidly to negate persistence in the environment or on food products. An additional benefit of using volatile agents such as carvacrol or perillyl alcohol for the treatment of postharvest fungal pathogens is their volatile nature, which means they do not persist in food products. This is in contrast to traditional non-volatile antifungals such as Mertect and Scholar, which may remain at trace levels on food products [20] . Due to the large variability in fungal susceptibility, the use of complex mixtures, as is found in natural products, would promote a broader spectrum of inhibition.
To confirm the potential application of the most potent monoterpenes tested: perillyl alcohol, carvacrol, 3-carene, nerol and geraniol, in vivo assays were performed to test the ability of these constituents to inhibit infection of commercial strawberries in a postharvest scenario as a model. A common trend across species was a rapidly increasing number of strawberries infected in the first week, with fungal growth slowing after this and in half the cases reaching a plateau suggesting that any growth inhibition can be more or less determined after one week. B. cinerea was the most susceptible pathogen to monoterpene treatment in these in vivo assays and P. expansum the least susceptible.
Results from the in vivo assays supported results obtained in in vitro assays -the most potent compounds in controlling fungal growth on a commercial berry were perillyl alcohol, carene and carvacrol. Interestingly, perillyl alcohol was found to be the most consistently active compound across species in in vivo assays while carvacrol was found to be the most consistently active across pathogens in in vitro assays. This may be a result of the diffusion rates of these compounds, with the presence of the benzene ring in carvacrol enhancing permeation of the agar gel and the absence of this functional group in perillyl alcohol limiting the permeability and therefore the area of inhibition in the disk diffusion assay.
These findings provide information for both in vitro and in vivo activity of monoterpenes against three important fungal pathogens and support the promise of plant-produced natural products, in particular essential oils and their constituents, as new commercial antifungal agents. Here, carvacrol has been shown to be as effective as the commercial products currently used, at concentrations as low as 2 μL/mL, in in vitro assays. These results were further supported by in vivo assays where the five most active monoterpenes were tested for their ability to prevent fungal growth on commercially available strawberries. These assays also confirmed the activity of perillyl alcohol and identified 3-carene as another important lead compounds for development of new anti-fungal agents.
Though significant commercial testing, including the testing of a greater variety of products, would be required before these compounds could be utilized commercially, the use of these compounds as individual organic treatments or in combination with existing treatments for prevention of postharvest spoilage of food stuffs holds significant promise. 526 Natural Product Communications Vol. 11 (4) 2016
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Experimental
Media preparation: Potato dextrose agar (PDA) used for culture maintenance contained 15 g/L potato dextrose (BD, Sparks, MD) and 12 g/L agar (Anachemia, Montreal, QC). The PDA used for the disk diffusion assay also contained 5% glycerol to facilitate diffusion of the hydrophobic essential oils and their constituents through the media. All media were sterilized for 30 min at 121 o C before being poured across Petri plates. The disk diffusion protocol used was a modified version of the Clinical and Laboratory Standards Institute (CLSI) approved standard for antifungal testing of filamentous fungi [21, 22] . Sevenday old B. cinerea, M. piriformis, and P. expansum were used to create the stock inoculum. To do this, 1 mL of 0.85% sodium chloride (Fisher Scientific, Canada) solution was pipetted onto the surface of the stock growth plates. A metal spatula was used to pull away the fungal lawn which was pipetted off and diluted using Roswell Park Memorial Institute (RPMI) 1640 media (BD, Sparks, MD). The solution was vortexed for 15 min to allow for removal of hyphae and optical density (OD) was adjusted to an OD 530 of 0.09-0.3. One hundred L of the stock inoculum was added to the surface of 5% glycerol PDA plates and spread using a sterile cotton swab. The plates were allowed to dry for 10 min and 2 blank, sterile antibiotic disks were then added to the surface of the plates and impregnated with 20 L of the respective oil. All plates were repeated in triplicate. The plates were incubated at room temperature. Zones of inhibition were measured every 24, 48, and 72 h using a standard ruler. adjusted to an OD 530 of 0.1. Monoterpene stock solutions (carene, carvacrol, geraniol, nerol and perillyl alcohol) were made up to 0, 1, 5 and 10 μL/mL in 5% Tween 80 (Amresco, VWR, Canada) in sterile distilled water.
In vivo strawberry infection assays:
All experiments were performed in triplicate using closed disposable plastic containers with 3 strawberries per container. Strawberries for use in assays were purchased at a local grocery store and were rinsed in 10% bleach solution followed by 2 rinses in distilled water and then dried before inoculation. To inoculate cultures, strawberries were dipped for 15 sec in the stock inoculum and allowed to dry. Monoterpenes (approximately 0.3 mL) were then applied by a hand pump sprayer in an even coating. Strawberries were then incubated at room temperature on the benchtop away from direct sunlight for 10 days with measurements for visible fungal hyphal growth being recorded at 1, 7 and 10 days.
Experimental design and analysis:
In all cases a completely random design was used, with all treatments applied in triplicate. For in vitro assays inhibition was determined by at least 80% visible growth reduction. Statistical significance was determined using a two-way analysis of variance (ANOVA) followed by a Tukey's honestly significant difference multiple comparisons model in JMP v 9.0. For in vivo assays average number of strawberries infected and standard error were calculated and were plotted against time for each of the applied concentrations using GraphPad Prism v6.0
